Abstract-Modern partial discharge (PD) calibrators often have their lowest range below 1 pC. However, traceable calibration services below 1-pC charges are not widely available, or their uncertainties are relatively high because of low signal levels. We have applied a commercial charge-sensitive preamplifier for the low-level calibration of PD calibrators. This calibration method both improves the signal-to-noise ratio and performs the analog integration of the PD pulse. The drooping response of the preamplifier is corrected using software. Comparison with a reference PD calibrator supports an expanded uncertainty less than 1% down to 0.1 pC and 3% for 0.01 pC.
I. INTRODUCTION

M
ODERN commercial partial discharge (PD) calibrators often have their lowest charge level as 0.1 pC. However, at the moment, National Metrology Institutes (NMIs) provide traceable calibration services for apparent charge starting from 0.5 pC, and the smallest relative uncertainty at this level is 3%. Uncertainties below 1 pC are usually one order of magnitude higher than the uncertainties that are given for the charge levels above 10 pC [1] .
IEC 60270:2000 [2] defines technical requirements for PD calibrators. The basic principle of a PD calibrator is to apply step voltage impulses to a capacitor connected in series. Fig. 1 presents the parameters related to the step voltage.
Step voltage rise time t r should be less than 60 ns, and the time to steady state t s should be less than 200 ns.
Step voltage duration t d should be at least 5 μs, and the step magnitude U 0 should stay within 3% during the step. Performance test of a PD calibrator should be performed periodically, and it should include the determination of the calibrator charge, rise time of the step voltage, and the pulse repetition rate.
Three methods for the performance test on PD calibrators are described in IEC 60270 [2] . The reference method is by comparison with a reference calibrator. The second method is to use the numerical integration method, where a PD calibrator Step voltage parameters of a PD calibrator as defined in IEC 60270:2000.
is connected to a reference resistor. Voltage across the resistor is measured with a digitizer, and the measured impulse voltage is numerically integrated with software, resulting in the apparent charge. The third approach is the step voltage response method, where a PD calibrator is connected to a measuring capacitor and the voltage is measured over the capacitor using a digitizer. The apparent charge is calculated from the measured voltage and capacitor values. Uncertainties (k = 2) within 2% have been reported using this method [3] . However, none of these methods can be used to define the rise time of the step voltage. This means that only performance checks are usually performed for PD calibrators.
The common problem for all presented methods is that when the charge levels are low, also the measured voltage level is low. For example, with the numerical integration method, the amplitude of the measured impulse voltage can be only a few millivolts with charges below 1 pC. This low impulse voltage is very difficult to measure accurately with a digitizer.
For example, Hauschild and Lemke [4] have pointed out that on low PD level below 10 pC, the use of an electronic integrator will significantly amplify the voltage and improve the signal-to-noise ratio. Earlier, their use with charges ≥100 pC has been verified and compared to the existing methods [5] . Charge-sensitive preamplifiers (CSPs) are integrating devices, and they can be used in order to convert the charge into the voltage. CSPs are commonly available products and their 0018-9456 © 2019 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. amplifying ratios can be hundreds of millivolts or even volts per pC. This approach will give high enough voltage to be measured accurately with digitizers. This paper reports our experience in the application of commercially available CSPs for the calibration of PD calibrators, especially on low charge levels below 1 pC [6] . CSPs are characterized using the reference method, and their use is compared to the commonly used numerical integration method.
II. REFERENCE METHOD
Standardized performance test on a PD calibrator can be done with the reference method [2] . The reference method is based on comparing the charges produced by the calibrator under calibration and the reference calibrator. The comparison must be performed using the same measuring system, and the reference calibrator must be traceable to the national standards.
Reference charge q 0 can be obtained by applying a step voltage of amplitude U 0 in series with an injection capacitor C 0
In practice, this can be done by applying a known dc voltage to the first terminal of the series capacitor and then switch it to ground by using, e.g., a step generator based on a mercurywetted relay [5] , [7] . When the second terminal of the series capacitor is connected to a measuring system, the reference charge flows to or from the measuring system depending on the polarity of the charging voltage. When a positive voltage is shorted to ground, the reference charge is negative, and vice versa. Example of a reference calibrator is presented in Fig. 2 . The reference calibrator can be used in a wide range by combining different voltage levels and capacitor values. Limiting factors are the withstand voltage of the injection capacitor and the stability of the voltage source used on low voltage levels. In this paper, we used four different shielded three-terminal injection capacitors in order to cover the charge range from 0.01 to 20 pC. The effect of the stray capacitances to the generated charge has been analyzed, and their effect has been found negligible [5] , [8] . Input stray capacitance C 1 is discharged to ground when the relay is activated. The voltage across C 2 is zero before the activation of the relay, and it returns to zero after any possible transients have settled. Any charge temporarily stored in C 2 finally either flows through R m or flows into the input of CSP. Fig. 3 shows the ranges covered with the used capacitors when used with step voltages from 0.2 to 20 V. The uncertainty of the reference calibrator consists of the uncertainties of the injection capacitor capacitance and the step voltage amplitude. A high-accuracy capacitance bridge was used to calibrate the injection capacitors against reference capacitors calibrated at BIPM. While calculating the uncertainty of injection capacitors, the uncertainty of the calibration method, short-time stability, and temperature dependence of the capacitor were considered. This results to uncertainty (k = 2) lower than 0.2% for all used capacitors.
Voltage step uncertainty depends on the uncertainty of the reference voltmeter and the standard deviation of the voltage between steps, i.e., stability of the voltage source. dc voltmeters with uncertainties (k = 2) better than 0.01% are widely available, and the short-term stability of the voltage source can be improved with a low-pass filter. Total expanded uncertainty (k = 2) of 0.2% for the reference calibrator can be achieved. Similar uncertainties for reference calibrators have been reported earlier for apparent charge levels above 1 pC [3] .
The reference calibrator can be used for verifying measuring systems for the apparent charge. In this paper, it is used for verifying the proposed measuring method with CSPs.
III. NUMERICAL INTEGRATION METHOD
Measurement of the applied charge can be performed using the numerical integration method described in IEC 60270 [2] . The standard limits the current shunt R m values to be from 50 to 200 and requires the digitizer to have a bandwidth higher than 50 MHz. As shown in Fig. 4 , the generated charge q flows through the shunt when the calibrator is connected to its terminals. This current i (t) can be obtained by measuring the voltage u m (t) over the shunt resistor R m . The generated charge can be calculated by integrating the current numerically
The numerical integration method is widely used for measuring the charge from a calibrator. However, the uncertainty is higher than what is obtained using the reference method. The four main uncertainty components for this method are as follows:
1) uncertainty of the shunt resistor value; 2) oscilloscope gain instability; 3) uncertainty of the numerical integration of noisy sampled data; 4) typically high standard deviation of the results. The uncertainties related to the resistor value and its temperature dependence are insignificant compared to the oscilloscope-related uncertainties. However, the calibrator can be load-dependent, and according to [2] , the resistor must be low inductive in order to avoid excessive oscillations in the captured wave shape.
Gain errors of the oscilloscope ranges can be parts of percent, or even a few percents, and their correction may be timeconsuming. The imperfect step responses of the oscilloscope ranges also have an effect on the results. The magnitude of this effect can be evaluated by convolving a measured impulse voltage with the step response of the digitizer [9] . The effect of the step response to the integral can be parts of percent depending on the captured voltage wave shape. However, the nonideal step response of the digitizer can be corrected to reduce the measurement errors [10] . The noise level of the measurement, bandwidth, and the used sampling rate of the digitizer have also significant effect on the recorded wave shape [7] and that leads to deviations in the integral of the captured wave shape. Small charges lead to small-signal levels over the shunt resistor and that increases the uncertainty related to the measurement significantly. For example, the charge of 0.1 pC can lead to the impulse voltage with the amplitude of approximately 1 mV when using the highest approved resistance value of 200 . This limits the capabilities to measure small charge levels. To our knowledge, no NMI is currently offering calibration services for PD on the 0.1-pC level, even though modern PD calibrators with such output are available.
Defining the right offset level and the integration period has been highlighted as a major uncertainty component in the numerical integration method [7] . Defining and removing the right offset voltage is important because offset causes integration errors. However, the exact definition for the calculation of the offset voltage is not defined in IEC 60270 [2] . Some calibrators might produce transients before the main impulse, and it is not clearly defined whether these transients should be removed for the offset-level calculation. In addition, the end of the integration period is not exactly defined, so the results may differ depending on how long measurement is integrated.
Due to these limitations, the numerical integration method has increased uncertainty below 10 pC, and it is very challenging for measurements at or below 1 pC. Fig. 5 presents the current calibration and measurement capabilities (CMCs) of VTT MIKES for the apparent charge. 
IV. CHARGE-SENSITIVE PREAMPLIFIER METHOD
Due to the known limitations of the numerical integration method, e.g., Hauschild and Lemke [4] have pointed out that on low PD levels below 10 pC, the use of an electronic integrator will significantly improve the signal-to-noise ratio. Commercial CSPs with the excellent performance have been developed, e.g., for particle detectors used in high-energy physics. They are integrating devices, which can be used to convert the charge into the voltage. Because of their high gain, they will provide high enough voltage to be measured accurately with digitizers. Using CSPs also allows defining the rise time of the calibrator's step voltage, step voltage duration, and other step voltage parameters defined in IEC 60270 [2] .
After comparing specifications of different models, two were selected for this paper in order to cover the charge range from the smallest charge levels up to 20 pC. Main specifications of these two devices are listed in Table I , and the principal scheme of a CSP is shown in Fig. 6 .
The output of CSP droops because the feedback capacitor C f of the amplifier discharges through the feedback resistor R f .The nominal RC time constants of these two devices were 140 and 150 μs, which were long enough to have reasonably small droop during the 5-μs hold time specified in IEC 60270 [2] .
However, droop can be corrected from the measured signal. First, the offset is removed by calculating the level from the beginning of the trace and subtracting it from the measured voltage curve. The second operation is compensation of the droop effect due to RC time constant. This is done in the time domain. The first-order decay can be modeled by
where U i and U o are the input and output voltages and ω c = 1/RC. The corresponding inverse filtering is performed by
and it can be represented in the time domain by
This integration is easy to implement in software. Using the nominal value for ω c already leads to good cancellation of the droop effect. In Fig. 7 , the integration constant ω c of CSP2 is adjusted to provide the flat response, according to the known characteristics of the reference calibrator. These adjusted values were used for the following measurements with two CSPs.
The injection capacitor of the PD calibrator can affect the gain of CSP, at least at the higher frequencies [11] . CSPs were being tested with different injection capacitors, using values corresponding to the values of the injection capacitors of commercial PD calibrators. According to IEC 60270, the PD calibrators should have a step voltage duration longer than 5 μs [2] . Because of the sudden change of charge, some transients may occur in the beginning and end of the 5-μs step. That is why, the first and last microsecond of the 5-μs step is neglected, and software calculates the voltage level using the average of the output voltage from 1 to 4 μs after the beginning of the voltage step. By knowing the output voltage u of CSP and the gain k of CSP, charge q 0 can be derived from
Traceability of the measurements performed with CSP and integration methods are summarized in Fig. 8 .
V. CALIBRATION OF CHARGE-SENSITIVE PREAMPLIFIERS
Two CSPs together with an 8-bit, 1-GHz digitizer were calibrated using the reference charge method described in Section II. The digitizer was used with 1-M input impedance, 500-MS/s sample rate, and with maximum bandwidth.
Digitizer performance has a significant role in the calibration of the CSP gain. The digitizer calibration is recommended to be performed in dynamic conditions [7] , so the step behavior of the digitizer was determined and corrected. The step behavior can be measured by applying a known voltage step with the step generator to the input of the digitizer. The dc level of the step is calculated with the same method as used with CSPs (from 1 to 4 μs after the beginning of the step). Measurements were performed for all digitizer ranges used, and 100 step measurements were averaged for each range. The measurement arrangement is presented in Fig. 9 .
Due to the relatively flat response between 1 and 4 μs, no separate step response correction [10] was needed for the digitizer. However, a correction factor was used for each digitizer range for correcting the gain in the epoch time specified earlier. The oscilloscope step calibration has been performed regularly, and the average errors for the used ranges have been smaller or equal to 1%. The most significant uncertainty component Step voltage generator (dc source, voltmeter, mercury-wetted relay, and trigger), capacitor box, CSP (white box), and oscilloscope.
is the voltage nonlinearity of the range and the differences between two polarities. Voltage nonlinearity was measured with voltages from 25% to 75% of the used voltage range. After the gain corrections, the uncertainty of each digitizer range is less than 0.6% (k = 2).
Typical setup for the CSP calibration is shown in Fig. 10 . CSP is connected to the input of the digitizer, and the calibrated injection capacitor is connected to the input of CSP. Charging voltage is measured with a voltmeter connected between the injection capacitor and the step generator. The capacitor is charged to a known voltage, which is then shorted to ground by using the mercury-wetted relay. Digitizer records an impulse voltage from the CSP output. Voltage rises rapidly and then falls slowly to zero due to the RC circuit. The voltage polarity is inverse compared to the applied charge due to the negative gain of CSP.
Step voltage magnitude u is evaluated after droop correction, and the gain k of the CSP can then be calculated from u and the reference charge q 0 according to equation (6) .
By knowing the reference charge and the voltage step magnitude, the gain of CSP can be calibrated. The gain was first calibrated with one charge level (1 pC). After that, CSP was compared to the reference calibrator by using the defined gain. The comparison to the reference calibrator was performed for both CSPs with at least three different capacitor values and with a wide range of charges in order to study the characteristics of CSPs. The results for both CSPs are presented in Table II . Each result is an average of 12 single shot measurements, and the effect of the digitizer range is corrected using the gain correction factor.
The results show that the standard deviation increases slightly when the measured voltage signal gets smaller. However, the standard deviation increases rapidly when the reference charge is really small, as seen with charges below 0.1 pC. This is probably because of the sensitivity limit of the used CSP. The results of CSP1 indicate a quite stable performance through the charges from 0.01 to 2 pC, resulting average error of 0.13% with 0.16% standard deviation. The largest deviation, 0.5%, is when measuring the lowest 0.01-pC level. This corresponds to the charge of c. 60 000 electrons and the measured 2% standard deviation, respectively, to c. 1 000 electrons. With CSP2, all errors lay within 0.2% except the result with the 100-pF capacitor, which differs from the other results almost 1%. This is probably caused by the load dependence of CSP. However, with the other injection capacitors, the load dependence cannot be seen from either result.
The short-term stability of both CSPs was tested by applying 1-pC reference impulses every 3 s for 2 h in a laboratory with an ambient temperature of 23°C. CSPs were switched OFF and stored in a room with an ambient temperature of 21°C before the test. The CSP1 gain drifted approximately 0.5% with the first 30 min, but after that, it stabilized and was within ±0.1%. The CSP2 gain was unstable within ±0.2% with the first 40 min, but after that, it stabilized and was within ±0.1%.
The sensitivity of the droop correction time constant is tested by using three slightly different time constants, and the effect is c. −0.01 %/μs, as seen in Table III. Estimated uncertainty for the CSP gain calibration consists of the uncertainty of the reference charge, uncertainty of the Table IV , where the standard deviation is the most significant factor. The nonlinearity of CSP1 is taken into account by adding the maximum error from the calibration presented in Table II as an uncertainty component. The resulting overall expanded uncertainty is less than 3% (k = 2). The standard deviation of the mean can further be lowered, if a larger number of pulses are averaged.
VI. CALIBRATION OF COMMERCIAL PD CALIBRATOR USING CHARGE-SENSITIVE PREAMPLIFIERS
Ranges from 0.1 to 20 pC of a commercial PD calibrator were calibrated using both CSPs and the numerical integration method. The injection capacitance of the commercial calibrator was 100 fF (from 0.1 to 0.5 pC), 800 fF (from 0.5 to 6 pC), and 8 pF (from 6 to 60 pC). The PD calibrator was connected directly to the input of CSP using a BNC connector, and the output of CSP was connected directly to the reference digitizer input. The digitizer measured the amplifier output step voltage, and the evaluation was done with the software explained earlier. An example of a recorded single shot signal for −0.1-pC PD pulse is shown in Fig. 11 , and the calibration results with the respective standard deviations of 12 pulses are presented in Fig. 12 .
The results indicate that CSPs can be used for calibrating commercial PD calibrators, and the results of two studied CSPs agree within the standard deviations. They are also in Fig. 11 . Single shot trace of the CSP2 output for −0.1-pC charge from a commercial PD calibrator after offset and droop corrections. Oscilloscope (8-bit, 1-GHz bandwidth) was used with 1-M input and 500-MS/s sample rate. Fig. 12 . Calibration results for the commercial PD calibrator using two CSPs and the integration method as a reference measuring system. Error bars present the standard deviation of the results. The small offset is added on the x-axis points in order to make the figure clearer. line with the numerical integration method. In addition to the calibrated charge, also, the rise time of the step voltage can be measured. With the tested PD calibrator, the rise times were less than 20 ns. However, fast rise times are almost impossible to measure with the 10% uncertainty defined in IEC 60270, because the CSPs' nominal rise times can be over 10% of the rise times and so can the standard deviation. The CSP method will expand the calibration range of VTT MIKES down to 0.01 pC and lead to lower uncertainties compared to the existing capabilities, as shown in Fig. 13 .
VII. CONCLUSION
We have demonstrated that CSP can be used for the calibration of PD calibrators below 1 pC. The use of CSP significantly improves the signal-to-noise ratio of the PD detection, making low-level measurements possible. Expanded overall uncertainty for the tested setups is less than 1% from 20 pC down to 0.1 pC and less than 3% at 0.01 pC (k = 2). This extends the lower calibration range by over one order of magnitude from those currently available from National Metrology Institutes. The measured results are in line with the traditional method on PD levels from 1 to 20 pC. The similar type of preamplifiers can also be applied to the calibration on higher charge levels.
